We report on the design, fabrication, and measurement of ultrathin film a-Si:H solar cells with nanostructured plasmonic back contacts, which demonstrate enhanced short circuit current densities compared to cells having flat or randomly textured back contacts. The primary photocurrent enhancement occurs in the spectral range from 550 nm to 800 nm. We use angle-resolved photocurrent spectroscopy to confirm that the enhanced absorption is due to coupling to guided modes supported by the cell. Full-field electromagnetic simulation of the absorption in the active a-Si:H layer agrees well with the experimental results. Furthermore, the nanopatterns were fabricated via an inexpensive, scalable, and precise nanopatterning method. These results should guide design of optimized, non-random nanostructured back reflectors for thin film solar cells.
Introduction
Thin-film solar cells offer the benefits of reduced materials and fabrication costs as well as the advantages of light-weight, flexible devices [1] . For these geometries to exhibit efficient current generation, light trapping schemes are essential to capture the red and near-infrared portion of the solar spectrum [2, 3] . Here we demonstrate a hydrogenated amorphous Si (aSi:H) solar cell with plasmonic light trapping structures built into the metallic back contact. The nanopatterns allow ultrathin a-Si:H cells (160 nm) with short circuit current densities exceeding that of similar cells with randomly-textured back contacts due to near-field coupling to guided modes supported by the multi-layer solar cell structure. The nanopatterns are fabricated via an inexpensive and scalable imprinting technique that could be adopted into standard solar cell production. We use a-Si:H as a test platform for photonic nanopattern design, but our approach is broadly applicable to other thin-film solar cell material systems. Thin film solar cells made from a-Si:H are attractive candidates for large-scale photovoltaic applications because Si is highly abundant and can be deposited on flexible substrates using processes that are compatible with roll-to-roll processing [4] . Since minority carrier diffusion lengths are very short in a-Si:H, the cells are often made with a p-i-n or n-i-p structure where the intrinsic absorbing layer is hundreds of nanometers thick and carrier transport is dominated by drift. Ultrathin film cells, where the thickness of the absorber layer is significantly reduced, offer further cost and performance advantages. An ultrathin film absorbing layer exhibits decreased bulk recombination, which can lead to a higher open circuit voltage (V oc ), since V oc increases with decreasing dark current I dark as V oc = (kT/q)ln(I photo /I dark + 1) [5] . A final important benefit of this ultrathin film design for a-Si:H is the reduction of the well-known Staebler-Wronski degradation effect [6] that has limited the long-term performance of a-Si:H photovoltaics so far. Ultrathin n-i-p devices, with thicknesses such as we discuss here, possess high internal electric fields, which are known to exhibit no or only minimal light-induced degradation [4, 7, 8] .
However, the use of thin absorbing layers reduces the short-circuit current density (J sc ) due to the decreased optical path length in the semiconductor. Strategies for increasing J sc generally involve the incorporation of surface texturing to scatter incident light into offnormal angles. In thick, wafer-based photovoltaic cells, such surface texturing can lead to a maximum intensity enhancement of 4n 2 at wavelengths near the band edge, where n is the index of refraction of the semiconductor [9] . For thin and ultrathin film cells where the total device thickness may be less than a wavelength, light trapping is frequently accomplished through the use of randomly roughened layers, either on the front or rear of the cell [10] [11] [12] .
Recently, it has been proposed that the incorporation of plasmonic metal nanostructures in thin film solar cells could lead to strong light trapping because strong light-matter interaction in plasmonic nanostructures enables large scattering cross sections [13, 14] . Many of these plasmonic photovoltaic designs incorporate metal nanoparticles on the front surface of the cell. This can lead to preferential scattering of the incident light into the semiconductor over an increased angular range, thereby enhancing the optical path length [15] [16] [17] [18] [19] [20] [21] [22] . While strong enhancements of photocurrent have been reported in such solar cells for near-bandedge light, these are often offset by a reduced photocurrent in the blue part of the solar spectrum due to destructive Fano interference [18, 21] . An alternative strategy is to build the scattering nanostructures directly into the back contact of the device. In this geometry, the incident blue light is directly absorbed and does not interact with the back contact scatterers, while the red light that is poorly absorbed in a single pass through the cell is strongly scattered [ Fig. 1(a) ] [23-25]. In our design, these back scatterers are designed to couple incident light into guided modes supported by the cell with high intensity in the absorbing semiconductor layer, dramatically reducing the thickness requirements by redirecting the absorption path into the plane of the solar cell. As opposed to cells with purely grating-based reflectors [26] [27] [28] [29] or nanostructure designs to couple specifically to surface plasmon polariton modes [23], the design presented here takes advantage of the high scattering cross sections of plasmonic nanostructures to couple to waveguide modes.
To date most theoretical and experimental studies of plasmonic light trapping structures reference the enhanced absorption and photocurrent relative to an identical device without nanostructures (i.e., a planar back surface). While this reference is useful for understanding the role of the scatterers, most realistic solar cells already employ some form of light trapping structures to enhance absorption. For a-Si:H, much work has been devoted to the design of randomly textured layers for increased absorption [2] [3] [4] [10] [11] [12] , and we compare our plasmonic nanostructure designs to a commercial standard with known roughness and topography, Asahi U-type glass [30] . Provided that the plasmonic nanostructures are welldesigned over the scale of a wavelength, we show here that the absorption enhancements can exceed those from random surface topography. 
Methods
A significant challenge to the incorporation of plasmonic nanostructures in photovoltaics is fabrication: the feature sizes are typically tens to hundreds of nanometers, while photovoltaic cell dimensions may be in the m 2 range. Techniques for large area metal nanostructure formation include island annealing, which produces irregular shapes and spacings [15, 16] , colloidal particles [19, 20] , which control the shape but not the spacing, and deposition through alumina templates, which can provide some control over the patterns [21, 22] . Smaller test devices may use electron-beam lithography or focused ion beam patterning, which allow for complete control but are too expensive for use in practical devices. In this work, we have fabricated cm 2 -scale a-Si:H solar cells using soft nanoimprint lithography [31] to incorporate plasmonic nanostructures in the Ag/ZnO:Al back contact of the cell [ Fig. 1(b) ]. This technique offers the capability to form large-area nanopatterns with precise control over both the dimensions and the spacing of the plasmonic scattering structures, and is amenable to rollto-roll processing [32] . In our case, the patterns are printed into a sol-gel silica layer using substrate conformal imprint lithography (SCIL) [33] , which is then overcoated with Ag and ZnO:Al to form the back contact [ Fig. 1(c) ]. A single substrate containing solar cells with nanopatterns of varying diameter and pitch as well as reference cells with flat back contacts is used to avoid variations between different deposition runs when comparing cell performance, shown in Fig. 1(b) .
The master substrate of nanopatterns was made using electron beam lithography on a Si wafer. A bilayer stamp was molded from the master, consisting of a thin high-modulus polydimethylsiloxane (PDMS) layer holding the nanopatterns and a low-modulus PDMS layer to bond the rubber to a 200 µm thick glass support for in-plane stiffness [34] . The stamp was used to emboss a 100 nm thick layer of silica sol-gel on AF45 glass substrates using SCIL. The sol-gel layer solidified at room temperature by forming a silica network, while reaction products diffuse into the rubber stamp. After stamp release the sol-gel was post cured at 200 °C. The patterned area was 10 cm by 4 cm, with patterned and flat reference cells tiled in 6 mm x 6 mm sections. The sol-gel patterns together with the Asahi U-type glass were overcoated with Ag and ZnO:Al via sputtering, and 13.56 MHz plasma enhanced chemical vapor deposition was used to deposit the n-i-p a-Si:H layers. An array of 4 × 4 mm 2 squares of ITO was sputtered through a contact mask, and finger contacts were evaporated over the ITO using a second contact mask. The final cell area of each device was 0.13 cm 2 . Device characterization was performed using a solar simulator under one sun illumination (AM1.5, 100 mW/cm 2 ) and EQE measurements were performed using monochromatic light from a Xenon lamp with one sun light bias applied. Angle-resolved EQE measurements were performed using a supercontinuum laser source in combination with a monochromator with a passband of ~3 nm and a sample stage providing eucentric rotation about the point of illumination. The illumination was focused to a spot diameter of approximately 500 µm at low numerical aperture. Finite-difference time domain simulations (FDTD) were performed using commercially available software. The layer thicknesses were taken from cell cross sections [such as Fig. 1(d) ]. The optical constants of the ITO and ZnO:Al were taken as 2.08 + 0.004i and 1.93 + 0.004i, respectively, with slight dispersion measured using ellipsometry. The optical data for a-Si:H was taken from measured values. Ag was modeled using a LorentzDrude model fit to Palik data [35] . The simulation geometry for the randomly textured cells was taken from measured AFM data, and used to construct the surface.
Multiple copies of each cell design and reference are distributed over the substrate to reduce the possible effects of wafer-scale spatial inhomogeneity, and several cells of each pattern were measured. Two different intrinsic layer thicknesses, corresponding to total a-Si:H thicknesses (including the n-and p-doped layers) of 340 nm and 160 nm were deposited on two substrates with identically prepared back contact patterns. Figure 1(d) shows a cross section scanning electron microscopy (SEM) image of a fully fabricated nanopatterned cell having ana-Si:H thickness of 160 nm. The individual layers are clearly resolved. The ultrathin a-Si:H layer is conformal to the nanopatterned contacts, with no cracks or voids observed in the layer that could adversely influence the performance [36] . In addition to the substrates patterned by imprint lithography, a randomly textured substrate of Asahi U-type glass was used to simultaneously fabricate a 160 nm thick a-Si:H cell under the same deposition conditions as the nanopatterned substrate.
Since each successive layer is conformally deposited, the underlying back contact structure for both the patterned and the randomly textured devices is transferred to the top interface of the cell. Figure 2 shows tapping mode atomic-force microscopy (AFM) scans on the indium tin oxide (ITO) top contact for both the imprint-patterned cell (a) and the randomly textured Asahi sample (b). The imprinted substrate AFM scan reveals the underlying 175 nm diameter nanopatterns that are imprinted into the sol-gel glass layer, and transferred to the back contact of the cell at a pitch of 500 nm. In contrast, the randomly textured Asahi glass shows an uncorrelated distribution of height variations. Figure 3 shows current density/voltage (J-V) measurements taken under 100 mW cm −2 AM1.5 illumination for the 340 nm (a) and 160 nm (b) thick cells, all for cells with a plasmonic scatterer diameter of 250 nm. In Fig. 3(a) , data for 500 nm and 700 nm pitch are shown together with the flat reference. In Fig. 3(b) , data for the randomly textured Asahi glass cells are also shown. For the 340 nm cells, the V oc is in the 840-850 mV range for all devices measured, indicating that there is no significant difference in semiconductor and contact quality across the substrate. Data taken for several Ag particle diameters (200 nm, 225 nm, 250 nm, 290 nm) all show similar J sc , V oc , and fill factor characteristics, with a slight increase in performance for larger diameter scatterers. However, a higher J sc is found for cells with a 500 nm pitch than for cells with a 700 nm plasmonic scatterer pitch. For the 500 nm pitch samples, J sc improves by 27% compared to the flat cell. The highest efficiency recorded among cells with the 340 nm thick a-Si:H layer (η = 6.6%) was found for a plasmonic scatterer pitch of 500 nm and a diameter of 250 nm.
Results
For the thinner cells [ Fig. 3(b) ], V oc is increased in comparison to the thicker cells, to around 880-890 mV. We attribute this improvement to the decreased bulk recombination in thin layers demonstrating, as mentioned previously, an additional important advantage of the use of thin active layers aside from the reduced costs [5] . At the same time, the fill factors Fig. 4 . External quantum efficiency spectra of nanopatterned and randomly textured cells from measurement and simulation. EQE spectra are shown in (a) for cells of thickness 160 nm, under one sun illumination at 0V bias. The primary enhancement in photocurrent over the flat reference cell occurs from 550 -800 nm. The 500 nm pitch cell shows higher EQE than the randomly textured Asahi cell. The inset of (a) shows EQE measurements of these two cells at higher spectral resolution. Electromagnetic simulations of the generation rate spectra are shown in (b) for the same set of devices.
have increased to 0.64. The 500 nm pitch, 250 nm diameter samples now show an increase in J sc of 46% over the 160 nm thick flat cell. The best cell measured again had 250 nm diameter plasmonic scatterers and 500 nm pitch. This cell has an efficiency of 6.6%, which is similar to the maximum efficiency found for the thick cell. While J sc is lower in the thin cells, the increased V oc and fill factor cause the overall efficiency to remain the same between the two thicknesses. This demonstrates conclusively that plasmonic back reflectors can be used to maintain efficiency while scaling to thinner solar cells. The J sc of the 500 nm patterned cell is improved by 50% compared to the flat reference cell.
Remarkably, Fig. 3 (b) also shows that J sc for the patterned cell with 500 nm pitch is significantly larger than for the randomly textured cell with Asahi-U type of texture. Because the nanopatterned cells and the randomly textured Asahi sample both have comparable fill factor and V oc , we can exclude a difference in semiconductor quality as an explanation for the improved J sc . We conclude that light trapping in the 500 nm pitch patterned cell is more efficient than in the randomly textured sample.
Discussion
To further study the nature of the photocurrent enhancement, we measured external quantum efficiency (EQE) spectra, defined as the number of collected charge carriers per incident photon, using a Xenon lamp under light bias corresponding to approximately one sun illumination and 0 V bias. Figure 4(a) shows the EQE spectra for the same thin cells described in Fig. 3(b) . We note a slight increase in photocurrent on the blue side of the band for the 500 nm pitch cell, from 350 nm -550 nm, which we attribute to improved anti-reflective properties of the corrugated top surface of the cell. The primary photocurrent enhancement occurs in the 550 nm-800 nm spectral range. While the EQE of both the 500 nm and the 700 nm pitch cells exceeds that of the flat reference cell, there is a pronounced difference between the curves in the wavelength range from 550 nm to 700 nm. The cell on the randomly textured Asahi substrate has a very smooth EQE response, while the patterned devices exhibit peaked features in the EQE curve, of which the peak wavelengths are reproducible for each pitch. The inset of Fig. 4(a) shows EQE spectra of these two cells recorded with higher spectral resolution using a supercontinuum laser source filtered by a grating spectrometer. The complex structure of the 500 nm pitch sample remains clearly visible compared to the smooth EQE spectrum of the randomly textured Asahi sample. Notably, the EQE of the 500 nm pitch cell exceeds that of the randomly textured Asahi sample in the 550-650 nm spectral range Fig. 5 . Angle-resolved photocurrent spectroscopy. Measured EQE versus incident wavelength and incident angle for (a) the randomly textured Asahi cell and (b) the 500 nm pitch nanopatterned cell with 160 nm a-Si:H thickness. The Asahi cell shows a rather isotropic angular response, while the nanopatterned sample shows clear evidence of grating coupling to guided modes. The EQE enhancement for the nanopatterned sample, the ratio of (b) to (a), is shown in c; the calculated folded-zone dispersion diagram of the lowest-order TE and TM modes is superimposed.
where there is significant power in the solar spectrum. From 650 nm to 800 nm the features in the spectra of the nanopatterned cell sharpen and alternately exceed and fall below the curve for the randomly textured Asahi cell.
We use full-field finite difference electromagnetic simulations to study the integrated carrier collection rate from the nanostructured cell, with the cell layer thicknesses and optical constants taken from experimental values. Figure 4(b) shows the calculated carrier generation rate in the a-Si:H, modeled as G opt = ε"|E| 2 /2ħ, normalized by the incident photon flux across the 350-800 nm. Our model assumes a geometry to describe the two patterned cells, where the nanostructures are taken to be hemispheres and the unit cell is chosen with either 500 or 700 nm pitch and periodic boundaries. The surface structure for the randomly textured Asahi cell was modeled using the AFM data shown in Fig. 2 . The optical model accurately reproduces the spectral shape of the curves, including the enhanced absorption of the 500 nm pitch cell relative to the randomly textured cell and the reduced absorption for the 700 nm pitch cell. The enhancement and many of the peaked features are reproduced well in the simulation, and deviations may be due to minor variations in layer thickness, pitch, optical constants, and differences between the real and assumed nanostructure geometry. The overall spectral correspondence between the electromagnetic simulation and the EQE measurements strongly suggests that the EQE enhancement is due to increased absorption from light trapping.
To further investigate the nature of the light trapping mechanism for the nanopatterned and randomly textured Asahi glass samples we measured EQE spectra as a function of incident angle for the thinner cells. Figure 5 shows intensity maps of these angle-resolved EQE spectra, for angle of incidence between −45° and + 45° from the substrate normal and for a range of illumination wavelengths from 550 nm to 850 nm, for the randomly textured Asahi cell [ Fig. 5(a) ] and the 500 nm pitch cell [ Fig. 5(b) ]. The EQE curves at normal incidence were found to agree well with the measurements shown in Fig. 4 . Some variation with angle of incidence is expected for all cells due to the angular response of the anti-reflection coating present on the cells. However, while it is evident that the randomly textured Asahi cell has a relatively isotropic spectral response to angle of incidence, the 500 nm pitch cell exhibits more complex behavior. The enhanced EQE for the patterned cell in the 550-650 nm range [inset in Fig. 4(a) ] is observed, and can be seen to extend to at least ± 20 degrees. From 650 to 800 nm the spectral photocurrent features become sharper, and show a stronger angular dependence. The dispersive features measured in Fig. 5(b) are clear evidence of coupling between light scattered by the grating and the guided modes supported by the high-index aSi:H layer of the solar cell.
We calculated the dispersion curves for the guided modes present in a representative planar device with 500 nm periodicity. The calculations were performed using the experimentally determined layer thicknesses and optical constants. In Fig. 5(c) , branches corresponding to the TE and TM modes with the highest modal overlap with the a-Si:H are shown, folded back to the angular range of interest by taking diffraction by the twodimensional periodic structure into account. The curves are superimposed over an intensity map of the relative enhancement of the EQE of the patterned cell compared to the randomly textured Asahi cell. Clearly, the pattern of dispersive bands observed in the EQE measurements agrees well with the calculated mode dispersion. In particular, the bands of enhanced absorption in the 700-850 nm range are well explained by the model, including the crossings at 740 nm and 770 nm. Deviations between measurement and calculation are attributed to small differences in optical constants and the fact that the calculation does not include surface corrugation and associated mode coupling. Additional spectral features observed in the EQE spectra could possibly be associated with absorption due to local field enhancements in the nanostructures. The measurement clearly shows that for these wavelengths, coupling to modes guided by the a-Si:H layer is responsible for increased absorption in the cell. Calculations show a high density of modes in the spectral range 550-650 nm where the EQE of the patterned cell exceeds that of the randomly textured Asahi substrate. The fact that in this region no sharp features are observed in the measurements is due to the large number of modes present, which are strongly broadened because of large absorption of a-Si:H in this spectral region. Although similar modes may be observed for patterned dielectric particles, the scattering cross section of the metal nanostructures increases coupling to the guided modes, further enhancing the photocurrent.
Conclusion
In summary, we have demonstrated ultrathin (160 nm) a-Si:H solar cells with efficient light trapping by a nano-engineered plasmonic back reflector. Light is scattered strongly from the nanopatterned metal back contact into guided modes of the cell, enhancing the photocurrent for a given cell thickness by enhancing the coupling to the modes. Similarly, the same photocurrent can be achieved at a reduced cell thickness, with a concomitant increase in open circuit voltage (and potential for increased long-term stability). We demonstrate that nanoengineered cells show light trapping that is enhanced beyond that of a randomly textured cell. This new design is not strictly relevant to a-Si:H based devices, but may be broadly applicable to other common thin-film solar cell materials systems such as polycrystalline Si, CdTe, and CuIn x Ga 1-x Se 2 . This result can directly impact the attainment of economically competitive and scalable renewable energy from thin-film solar cells.
